Abstract. The synchrony of regional fire regime shifts across the Quebec boreal forest, eastern Canada, suggests that regional fire regimes are influenced by large-scale climate variability. The present study investigated the relationship of the forest-age distribution, reflecting the regional fire activity, to large-scale climate variations. The interdecadal variation in forest fire activity in the Waswanipi area, north-eastern Canada, was reconstructed over 1720-2000. Next, the 1880-2000 reconstructed fire activity was analysed using different proxies of the Pacific Decadal Oscillation (PDO) and the North Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation (AMO). We estimated the global fire cycle around 132-153 years, with a major lengthening of the fire cycle from 99 years before 1940, to 282 years after 1940. Correlations between decadal fire activity and climate indices indicated a positive influence of the PDO. The positive influence of PDO on regional fire activity was also validated using t-tests between fire years and non-fire years between 1899 and 1996. Our results confirmed recent findings on the positive influence of the PDO on the fire activity over northern Quebec and the reinforcing role of the NAO in this relationship.
Introduction
Numerous studies have documented regional fire regimes throughout the boreal forest (Mann et al. 1995; Flannigan et al. 1998; Bridge 2001; Kasischke et al. 2002; Bergeron et al. 2004a Bergeron et al. , 2006 Parisien et al. 2004 ). These regional fire regimes result from the combination of local weather conditions, topography, forest fuels, and ignition agents (lightning and human activities). Given that volcanic activities, solar radiation and chemical composition of the atmosphere constantly influence the global climate dynamics (Bonan 2002) , and that there is a strong linkage between climate and fire activity, variations in historical observations of fire activity due to changes in the climate are expected (Flannigan and Harrington 1988; Johnson 1992; Swetnam 1993 ). The fire regime integrates several variables describing the fire activity such as mean fire size, annual area burned, fire severity, fire frequency, and mean fire return interval (or fire cycle) (Weber and Flannigan 1997) . Although regional fire regimes vary widely from one area to another, common temporal patterns in historical fire regime shifts have been reported. In the context of the past 300 years, many regional fire regimes of the Canadian boreal forest, as reconstructed from dendroecological analysis, experienced a decrease in fire frequency after 1850 (Bergeron and Archambault 1993; Larsen 1996) and a further decrease after 1940 (Bergeron et al. 2001 (Bergeron et al. , 2004a (Bergeron et al. , 2004b . Conversely, analyses of fire statistics from provinces and Canadian agencies suggested that during the past three decades, area burned and fire frequency have increased throughout much of boreal Canada (Skinner et al. 1999 (Skinner et al. , 2002 Stocks et al. 2003; Kasischke and Turetsky 2006) . Whatever the temporal scale investigated, the synchrony of long-term temporal trends in fire activity across the Canadian territory suggests the persistence of a large-scale climatic control of fire activity (Bergeron et al. 2001 (Bergeron et al. , 2004a .
Large-scale climatic variations in the northern hemisphere are typically described by recurrent oceanic and atmospheric circulation patterns, some of which are originating from the Pacific and Atlantic Oceans and acting at interannual to interdecadal timescales. In Canada, several modes were held responsible for temporal and spatial variations in the countrywide weather conditions conducive to fire activity. These include the global long-term trend in ocean temperatures , the El Niño-Southern Oscillation (ENSO) and related Pacific Decadal Oscillation (PDO) (Girardin et al. 2006a; Macias Fauria and Johnson 2006; Skinner et al. 2006) , the North Atlantic Oscillation (NAO) (Girardin et al. 2004) , the Arctic Oscillation (AO) (Macias Fauria and Johnson 2006) , and theAtlantic Multidecadal Oscillation (AMO) . The influence of these modes on historical fire activity is heterogeneous across Canada and reflects the dynamics of the upper atmosphere longwave patterns (ridges and troughs) over oceans and lands (Bonsal et al. 1993; Bonsal and Lawford 1999; Skinner et al. 1999; Macias Fauria and Johnson 2006) .
The present study investigated regional fire activity as measured by the decadal proportion of area burned and the frequency of fire years v. non-fire years in the Waswanipi area, northeastern Canada, and the long-term relationship with large-scale climate variations. First, we reconstructed the historical fire activity between 1720 and today over an area of 11 500 km 2 using dendroecological sampling along with forest inventories, aerial photographs, and ecoforest maps. The fire cycle in the Waswanipi area was estimated for different time periods to identify temporal trends in fire activity. Second, decadal fire departures obtained from the forest-age distribution were correlated with oceanic and atmospheric circulation indices and the regional fire activity was examined in light of climate index regime shifts at the interdecadal scale. Finally, fire years as documented by replicated fire scars and recent fire data were used to explore the influence of variations in oceanic and atmospheric circulation patterns. Determination of the link between fire and climate is an essential step toward understanding the dominant forcing of landscape-scale disturbance of boreal forests. Additionally, such analysis yields valuable tools for planning fire management activities and to improve forecasts of climate change impacts on the boreal forest (Duffy et al. 2005; Flannigan et al. 2005; Skinner et al. 2006) . Several studies have documented the temporal correlation (or teleconnection) between climate and ocean circulation indices and fire activity as documented by fire scars and tree-ring chronologies (Swetnam and Betancourt 1990; Sibold and Veblen 2006) . Recently, Brown (2006) documented the influence of global circulation indices on the tree recruitment dynamics in ponderosa pine forests. However, our study is the first to our knowledge linking oceanic and atmospheric circulation indices to stand-age distribution in boreal Canada.
Methods

Study area
The study area (49.5-50.5 • N; 75-76.5 • W; Fig. 1 ) lies in the north-central commercial forest of Quebec and covers more than 11 500 km 2 (Fig. 1) . Situated in the western feather moss-black spruce bioclimatic domain (MRNQ 2000) , the forest consists principally of black spruce (Picea mariana) and jack pine (Pinus banksiana) stands. Situated on the Canadian Precambrian Shield, the landscape has a high density of lakes and is dominated by morainal till deposits with scattered rocky outcrops covering 10-30% of the landscape (Centre for Land and Biological Resources Research 1996; Robitaille and Saucier 1998) . The relief is relatively rugged, consisting of a 10-30% eastward slope that produces a well-drained landscape overall. The mean annual temperature is 0 • C, with January and July being the coldest and the warmest months, respectively. The area receives an average 961 mm of total annual precipitation, about one-third of which falls as snow. The growing season is from April to October with 1235 growing degree-days above 5 • C (data from Chapais weather station 1971 climate normals, Environment Canada 2004 .
Fire is the main disturbance of these forests. Using provincial fire data , Lefort et al. (2004) identified a gradient in the fire activity (increasing northward) across the broader region containing our study area. They estimated a fire cycle between 200 and 500 years for the southern part and a fire cycle shorter than 200 years for the northern part, where the Waswanipi area lies. This relatively higher fire activity in our study area is corroborated by the high proportion of stands younger than 100 years, and is one of the criteria underlying the northern limit of the commercial forest in central Quebec (MRNQ 2000) .
Colonisation in the Waswanipi area began after 1940, and it primarily hinged on mining and later on forest management, but no agricultural activities took place in the study area. Cree populations live around the Waswanipi Lake in the south-western corner of the study area ( Fig. 1) and on the shores of the Waswanipi River; a small fraction is scattered across the study area. The modern Waswanipi community was established in the 1970s. The nearby Chapais village developed in the 1950s to carry out mining activities. Thus, human influence had historically little effect on the natural fire regime when compared with the adjacent Abitibi and Lac-Saint-Jean areas where colonisation started earlier, and converted forest territories to agricultural lands using slash-and-burn techniques . Forest fires have been controlled over the study area since 1958 (Langlois 1994) .
Field sampling
The fire history (1720-2000) was reconstructed using forest inventories, aerial photographs, ecoforest maps, and field sampling to determine the cumulative time-since-last-fire (TSF) distribution for the study area (Johnson and Gutsell 1994) . Two hundred sampling points were randomly located over the terrestrial area of the study area (when excluding rivers and lakes) using the Generate Randomly-Distributed Points script in ArcView GIS 3.2 (ArcView GIS 1999). Of these, 84 sampling points were located inside the burned areas compiled in the provincial fire database (Ministère des Ressources naturelles et de la Faune) and were consequently dated using the most recent inventoried fire. Of the remaining 116 points, 67 were fieldsampled during the summers of 2002 and 2003.At each sampling point, 10 dominant trees of typically pioneer species (jack pine, or if not available, black spruce) were sampled by taking a cross section or two opposite increment cores from the trunk base ∼30 cm above the ground. Forty-nine points, located outside the documented burned areas, were considered inaccessible (≥5 km from road access).These points were situated mostly in the northern part of the study area where the road network is sparse. For 15 of these points, permanent plots of the Ministère des Ressources naturelles du Québec were sufficiently close (<2 km) to provide a non-censored estimate of TSF from the oldest tree documented in each plot. For the 34 remaining points, stand ages from the ecoforest maps were used as a censored minimum TSF estimate, with 120 years being the maximum age considered. As sampling was based on a random spatial distribution of sampling points, we assumed that each sampling point is representative of the same proportion of the study area (0.5%) and that the TSF distribution derived from the 200 random sampling points approximated the complete TSF distribution for the entire study area.
Dendrochronological analysis
Sampled cores (n = 792), and cross sections (n = 430) were dried, sanded, and aged by counting tree rings under a dissecting microscope, following standard procedures proposed by Stokes and Smiley (1968) , Yamaguchi (1991) and Fritts (2001) . Pith locators were used to estimate the number of missing rings to the pith on incomplete cores (Phipps 1985) . Diagnostic rings allowed visual crossdating to confirm sample age. Among the sampled cross sections, 46 fire-scarred trees allowed us to accurately estimate the fire date for 31 different sampling sites. Replicated fire scars (recorded on ≥2 trees, Brown 2006) were used to develop the regional fire-year chronology. Replicated fire scars were found in distant sampling points and were generally confirmed by cohort age originating from fire that fire-scarred trees survived. All fires reported are thus stand-replacing fires. To crossdate snags and living trees, we measured tree-ring width using a Velmex system coupled with the MEASUREJ2X 3.1 package for Windows (VoorTech Consulting 2001) . Cross-dating of all samples was validated with COFECHA (Holmes 1999) .
Fire history
The frequency of sampled sites was computed per decade to identify major fire decades. The global TSF distribution was computed to evaluate whether the fire frequency was constant over space and time (Johnson and Gutsell 1994) . Assuming that the hazard of burning is independent of stand age, the TSF distributions should follow the negative exponential model and should appear as a straight line on a semilog scale (Van Wagner 1978; Johnson and Gutsell 1994) . Fire cycles were computed using the LIFEREG procedure in SAS 9.1 (SAS Institute Inc. 2000), which is a standard maximum-likelihood procedure for analysing survival data while taking into account censored data (Allison 1995) . Our TSF estimates (survivorship) were considered censored when no accurate date could be attributed to the fire; in these cases, we used a minimum TSF estimate, i.e. the age of the oldest individual when no tree cohort could be clearly identified (Bergeron et al. 2004b) . Thus, 31.5% of the data were censored. Finally, the LIFEREG procedure provides a Lagrange Multiplier Statistic (P LMS ) based on a χ 2 test to evaluate whether the scale parameter of the exponential model was significantly different from one, thereby allowing us to determine if the data distribution followed a negative exponential model (P LMS > 0.05) or not (P LMS < 0.05). If this is the case, then the corresponding mean forest age provides a good estimate of the fire cycle.
TSF distributions were also computed for different parts of the study area and for different time periods to determine if the variations observed in the global fire activity (slope breaks on the TSF distribution) were related to spatial or temporal variations in the fire activity. Spatial patterns were investigated by a spatial sub-sampling. The dataset was divided into four equivalent sectors containing ∼50 sampling points each (north-eastern, north-western, south-eastern and south-western sectors). Different periods were delimited according to documented period of changes in the fire activity in other parts of the boreal forest (end of the Little Ice Age c.1850, and 1940) to verify if the Waswanipi area has similar temporal variations or not. The LIFEREG procedure was used to test these variations as this procedure allowed the evaluation of the effect of class covariables (sectors or time periods) using a χ 2 test, while taking into account censored data. Reed (2006) underlined the limits of estimating the fire cycle using TSF distributions. We however chose to estimate this fire regime parameter to allow comparisons with other fire history studies using the same standard approach, and to provide a parameter useable for disturbance-based forest management. Also, the TSF distribution approach allowed us to take into account minimum TSF date when no accurate fire date could have been attributed to the sampling site. The fire cycle was also estimated using the LIFETEST procedure to estimate the hazard function (burn rate) associated with survival estimates. This allowed us to provide an estimate of the fire cycle (1/burn rate) taking into account the censored data without constraining the survival function to follow the exponential negative distribution (which is required when using the LIFEREG procedure).
Climate indices
In the present study, we used several climate indices to analyse the influence of large-scale climate variability on the Waswanipi fire history. The indices considered were the Pacific Decadal Oscillation (PDO), the North Atlantic Oscillation (NAO), and the Atlantic Multidecadal Oscillation (AMO).
The PDO corresponds to a long-lived El Niño-like pattern acting as a decadal mode of North Pacific sea surface temperature (SST) variability (Mantua et al. 1997; Zhang et al. 1997) . Pacific SST anomalies have been linked with atmospheric circulation patterns consisting in ridging over western North America during warm coastal SSTs (Bonsal et al. 1993; Bonsal and Lawford 1999) . The blocking highs typically persist for several days to several weeks and influence the fire weather conditions and the area burned across large Canadian regions (with greater area burned occurring downstream from the ridges; Johnson and Wowchuk 1993; Skinner et al. 1999 Skinner et al. , 2002 Skinner et al. , 2006 Girardin et al. 2006a) . The PDO index of Mantua et al. (1997) is an instrumental series covering the period 1900 to the present (available at http://jisao.washington.edu/pdo, accessed 2 October 2007) and is obtained from the leading principal component of North Pacific monthly SST poleward of 20 • N. Smith and Reynolds (2004) extended this index back to 1854 using the most recently available SST data from the International Comprehensive Ocean-Atmosphere Data Sets (available at ftp://ftp.ncdc.noaa.gov/pub/data/ersst-v2/, accessed 2 October 2007). The remaining three PDO datasets were paleoclimatological reconstructions derived from proxy data. The annual PDO reconstruction of D' Arrigo et al. (2001) , extending from 1700 to 1979, is based on tree-ring chronologies from coastal Alaska and Pacific North-west regions and accounts for up to 53% of the instrumental PDO variance. The annual PDO reconstruction of Biondi et al. (2001) is based on tree-ring data from California and extends from 1661 to 1983. The annual Shen et al. (2006) record is based on proxy summer rainfall of eastern China and covers the 1470-2004 period.
The NAO is based on the difference of normalised sealevel pressures (SLP) between the subtropical (Azores, Portugal) high and the subpolar (Stykkisholmur, Iceland) low pressure systems of the North Atlantic Ocean (Hurrell 1995) . The strongest and most climatologically effective expression of the NAO occurs during winter when the north-south pressure gradient is particularly stable between its two centres of action. Strong positive NAO phases are usually associated with abovenormal temperatures in the north-eastern United States and across northern Europe, and below-normal temperatures in Greenland and in Mediterranean regions (Visbeck et al. 2001) .
Instrumental monthly NAO series from Jones et al. (1997) and monthly NAO reconstructions from Luterbacher et al. (1999) were used. The Luterbacher monthly NAO indices, covering the period 1659-2001, are based on early European instrumental SLP, temperature and precipitation. These two monthly databases were used to calculate seasonal NAO indices (December-January-February, March-April-May, June-JulyAugust, and September-October-November). We also used the NAO series from Glueck and Stockton (2001) , which is a treering-based winter reconstruction (1429-1983) calibrated against the Lisbon-Iceland NAO (from Hurrell 1995) .
The PDO and the NAO reconstructions were extended to 1999 using the instrumental series (from Mantua et al. 1997 for the PDO, and from Jones et al. 1997 for the NAO) after adjusting the variance to that of the reconstructions.
The AMO corresponds to a basin-wide low-frequency (65-80 years) component of SST variability (Kerr 2000) . Enfield et al. (2001) have documented reduced summer rainfall and river flow regimes over the United States during warm AMO phases, while Skinner et al. (2006) have documented a negative influence of warm AMO phase on fire weather conditions across northern Ontario and Quebec. We used the annual North Atlantic sea surface temperature anomaly (SSTA) reconstruction of Gray et al. (2004) . This annual reconstruction is based on the leading principal component of twelve treering chronologies from south-eastern North America, southern Europe, Scandinavia, western North Africa and the Middle East. The corresponding AMO index is a 10-year running mean of the SSTA reconstruction. For the purpose of the present study, we used the AMO variable for the decadal correlation with TSF distribution and the SSTA reconstruction for the analysis of fire years v. non-fire years to avoid the autocorrelation bias associated with the 10-year smoothing.
Decadal fire-climate relationship
We were interested in characterising the departures from the average area burned per decade. Because recent fires tend to eliminate information relevant to past fires, an exponential curve (as previously computed using the LIFEREG procedure) was fit to the stand-age distribution using survival analysis. The mean forest age for the whole period was estimated at 153 years with 95% confidence intervals (128; 183). Decadal departures from the average area burned were calculated by subtracting the theoretical exponential curve from the stand-age distribution.
Next, annual values of atmospheric and oceanic circulation indices were averaged by decades and correlated with decadal fire departures. We restricted our analyses to the 1880-1990 time period as the previous fire decades had a high proportion of censored data. Pearson correlations between decadal fire departures and decadal averages of the climate indices were computed using the PEARSONT program (Mudelsee 2003) . This program uses a non-parametric stationary bootstrap to calculate the 95% confidence interval associated with the Pearson correlation coefficient and resamples blocks of data pairs to account for the presence of serial correlation in the time series. When the confidence interval contains zero, the hypothesis of 'no correlation' cannot be rejected at the 95% level. The normality of the data was verified before the correlation analyses using the Shapiro-Wilk normality test (Zar 1999) . All variables satisfied the normality assumption (P > 0.2), except the decadal averages of the PDO series of Shen et al. (2006) , the winter NAO of Glueck and Stockton (2001) and the winter NAO computed using the monthly NAO reconstruction from Luterbacher et al. (1999) . For the two first variables, correlations were computed on ranked data as no transformation made it possible to reach normality. For the winter NAO from Luterbacher et al. (1999) , an exponential transformation was used to reach normality (P = 0.65 after transformation). Scatterplots of the decadal fire departures and decadal climate indices (not shown) confirmed that relationships were linear and that Pearson correlations were an appropriate method for analysing them.
Climate influence on the occurrence of fire years Fire and climate relationships at the annual resolution were investigated by computing differences in mean climate indices (PDO, NAO,AMO) for fire years and non-fire years. Two-sample mean tests (Zar 1999) were computed using SYSTAT 11 (Systat Software Inc. 2004) on unlagged climate indices as well as on climate indices lagged by 1 and 2 years previous to the reported fire year. Critical t-values were adjusted to account for autocorrelation in data. All climate indices satisfied the normality assumption (according to the Shapiro-Wilk normality test, Zar 1999). Twelve fire years documented by replicated fire scars (1899, 1907, 1915, 1916, 1925, 1934, 1940, 1966, 1982, 1984, 1985, and 1994) were used to discriminate the fire years from the non-fire years. Also, three major fire years (1983, 1986 and 1996) that are not reported by our fire scar sampling and that accounted for more than 5% of the total area burned during the 1905-98 period were added to the regional fire year chronology.
Regime shift analyses were computed on different responsive PDO and NAO indices using the program developed by Rodionov (2006) . This analysis is based on a sequential t-test to detect regime shifts, where the time scale to be detected is controlled primarily by the cut-off length. Both cut-off length and probability level affect the statistically significant difference between regimes, and hence the magnitude of the shifts to be detected (Rodionov and Overland 2005) . These analyses aimed to verify the synchrony of regime shifts from positive to negative phase and vice versa, with decadal fire departures and with the frequency of reported fire years. Results were highly sensitive to the cut-off length chosen, primarily in relation to the amplitude of interannual variations of the climate index considered. We used a cut-off length of 10 years because we were primarily interested in the decadal influence of PDO on the TSF distribution, which also was gathered in 10-year classes.
Finally, stepwise multiple regression analyses (SYSTAT 11, Systat Software Inc. 2004) were computed to prospect potential combination effects of teleconnections from the Atlantic and the Pacific oceans.
Results
The Waswanipi fire history
The early 20th century (1900-40) was characterised by high fire activity, with 43.5% of the area burned recorded from 1720-2000 (Fig. 2) . Three time periods of relatively high fire activity were observed: 1850-60, 1910-40, and 1980-90 Table 1 ). Table 1 . Fire cycle estimates (years) for the entire dataset and for spatial sub-sampling The associated 95% confidence interval is indicated in parentheses. The dataset (n = 200) was sub-sampled in four sectors (north-east, north-west, south-east, and south-west) with ∼50 sampling points each; P LMS , probability associated with the Lagrange Multiplier Statistics; when P LMS > 0.05, the stand-age distribution follows the negative exponential model and the mean forest age provides a good estimate of the fire cycle; P χ 2 , χ 2 probability for testing the effect of the factor, significant when <0.05 (Fig. 2) . The 1870 peak of censored data (Fig. 2) corresponded to inaccessible sampling points that were documented by the oldest age-class reported on ecoforest maps (120 years). The 1720-2000 mean forest age was estimated to be ∼153 years and the survival curve suggested changes in the fire frequency through time or space (Table 1 ; Fig. 3a) . The mean forest age varied according to the different sectors (P χ 2 = 0.0121, Table 1 ), but was neither due to a latitudinal (N v. S) nor to a longitudinal (E v. W) effect (P χ 2 > 0.05, Table 1 ). It was instead related to the combination of latitude and longitude as only the north-eastern sector had the shorter mean H. Le Goff et al. , 1850-1940, and 1940-2004) . See Table 1 for associated statistics.
Data
forest age (85 years) when compared with the three others (170 years, Fig. 3b ; Table 1 ). The TSF distributions for the sectors displayed mixed distributions with synchronous changes in the fire frequency around 1940 and 1840 (Fig. 3b) . The temporal changes of fire frequency for each sector were not tested because of insufficient sample size. TSF distributions corresponded to relatively constant fire activity for the <1850 and the 1850-1930 periods. The 1940-2000 period had a weaker fit to the exponential model, likely due to the 1980-90 higher fire activity ( Fig. 3c; Table 1 ). The mean forest age was estimated to be ∼164 years before 1850, 99 years for the 1850-1940 period, and 283 years for the 1940-2000 period. Although striking, differences in the mean forest age over these intervals were not significant (Table 1 ).
An examination of the temporal evolution of the decadal burn rate through time (1820-2000) indicated a mean fire cycle of 132 years with a 98-year fire cycle before 1940 and a 232-year fire cycle after 1940 (Fig. 4a) . Moreover, the sequential computation of the fire cycle estimates during the 1820-2000 period confirmed that fire cycle varied significantly before and after the decades 1920, 1930, 1940, 1950 and 1960 (Fig. 4b) . The fire cycle oscillated around 143 years for the last 180 years, with a constant increase from 1940 to 1980 (Fig. 4b) . Hence, the temporal change in the regional fire activity around 1940 echoed synchronous change in neighbouring forested areas documented in the literature (Bergeron et al. 2001 (Bergeron et al. , 2004a (Bergeron et al. , 2004b (1)). Regime shift detection makes it possible to verify that changes in the mean from one period to another are not just a manifestation of a red noise process (probability σ = 0.10, cut-off length = 10 years; parameters for AR(1) were estimated using the IP4 method; see Rodionov 2006) . (f) Decadal fire departures as calculated by subtracting the theoretical (negative exponential) decadal time-since-fire (TSF) distribution to the sampled TSF distribution presented on Fig. 2 . See Table 3 for t-test results between fire and non-fire years.
2006), suggesting a large-scale control of multidecadal trends in regional fire activity. Below, the reconstructed Waswanipi fire activity is analysed with respect to large-scale climate variability.
Fire-climate relationship
The visual inspection of the PDO series ( Fig. 5a-d ) and of the decadal fire departures (Fig. 5f ) suggested a synchrony of phases of higher PDO (around 1860 PDO (around , before 1947 PDO (around , and after 1977 and periods of high fire activity in the Waswanipi area (1900-40 and 1980-90 fire decades). Conversely, a lower PDO phase is synchronous to the 1950-70 low fire decades (Fig. 5f ). The relationship is not as clear before 1880, perhaps because of the high amount of censored data in our fire departures before that period. All PDO time series tested were well correlated with Mantua et al. (1997) , and the Atlantic Multidecadal Oscillations (AMO) series from Gray et al. (2004) . Correlations were calculated using PEARSONT (Mudelsee 2003) , which calculated Pearson coefficient (r) on detrended time series and the associated 95% confidence interval (95% CI) using bootstrap. Pearson coefficients are significant at P = 0.05 when the associated 95% CI does not contain the 0 value. Note that Pearson correlation for PDO of Shen et al. (2006) and winter North Atlantic Oscillation (NAO) from Glueck and Stockton (2001) (Biondi et al. 2001) 0.69 0.33; 0.87 PDO (Shen et al. 2006) 0.61 0.08; 0.87 Winter NAO instrumental (Jones et al. 1997) 0.68 0.25; 0.91 Winter NAO (Luterbacher et al. 1999) 0.49 0.03; 0.82 Winter NAO (Glueck and Stockton 2001) 0.80 0.48; 0.94 AMO (Gray et al. 2004) −0.07 −0.47; 0.65 Table 3 . t-values for different climate indices between reported fire years (n = 15) and non-fire years between 1899 and 1996 Significant t-values (P < 0.10) are indicated in bold. Significance of the t-values was adjusted by calculating the effective sample size (n ) to account for the autocorrelation (AR(1) estimated using the IP4 method described in Rodionov 2006) . Fire years were documented by replicated fire scars (n = 12) and provincial fire data (n = 3). Climate indices were tested without time lag (same year as the reported fire year), and one and two years before the reported fire year. NAO, North Atlantic Oscillation; PDO, Pacific Decadal Oscillation Table 2 ). Significant positive correlation was also found with the winter NAO series of Luterbacher et al. (1999) and of Jones et al. (1997) . Stepwise multiple regression (using an in-and-out probability of 0.1) suggested a combination effect of the PDO and the winter NAO according the following regression models:
where y are decadal fire departures, PDO is the 1790-1997 PDO reconstruction of D' Arrigo et al. (2001) (that alone explained ∼58% of the variance in the 1880-1990 decadal fire departures, P = 0.004, not shown), NAO j is the winter NAO series calculated using the Jones et al. (1997) dataset, and NAO gs is the winter NAO reconstruction of Glueck and Stockton (2001) . These models explained respectively ∼71% (adjusted R 2 = 0.64, P = 0.004, NAO regression coefficient with t = 2.0085 and P = 0.0755), and 74% (adjusted R 2 = 0.68, P = 0.002, NAO regression coefficient with t = 2.3459 and P = 0.0436). The winter NAO index from Glueck and Stockton (2001) did not fully satisfy normality after an exponential transformation according to a Shapiro-Wilk normality test (P = 0.17). This index was used to confirm the results shown by Eqn 1. Both regression models suggested a reinforcing influence of the winter NAO on the positive relationship between PDO and the decadal fire departures.
As indicated by the correlation analysis on decadal averages of proxy climate indices, the distribution of fire years also followed well the long-term variations of the PDO. The t-tests indicated higher PDO values during reported fire years and for the 2 years previous to the reported fire years, and higher NAO values for one and two years previous to the reported fire year (Table 3) . Regime shift analysis confirmed coherent regime shift of the PDO indices around 1950 (from a positive to a negative phase) and around 1977 (from a negative to a positive phase). Only one fire year was reported for the negative PDO phase whereas the other fire years were reported during higher PDO phases. The 1790-1997 PDO index of D 'Arrigo et al. (2001) (Fig. 5c ) also displayed a higher regime before 1850, whereas no regime shift was detected on the other PDO indices before 1900 (PDO index of Smith and Reynolds 2004; Fig. 5b) or 1930 (PDO index of Shen et al. 2006 ; Fig. 5d ). The different NAO indices gave no coherent regime shifts, so only the winter NAO reconstruction of Glueck and Stockton (2001) was used to compare visually the regime shifts detected with the decadal fire departures. The winter NAO had a higher regime around 1930 and changed from a negative to a positive phase around 1977 (Fig. 5e ).
Discussion
The Waswanipi fire history
Conversely to other studies located south of our study area (Bergeron et al. 2001 (Bergeron et al. , 2004b ), we did not detect any change at the end of the Little Ice Age c.1850. The only significant change in the Waswanipi fire activity occurred around ∼1940. The fire cycle has lengthened from 99 years (1850-1940) to 283 years (1940-2000) . This lengthening at ∼1940 has been also reported from central to western Quebec (Bergeron et al. 2001) and in southwestern Quebec (Grenier et al. 2005; Drever et al. 2006) . This may reflect the reported decrease in the incidence of extreme fire years at the scale of the Boreal Shield (Girardin et al. 2006b ). In Quebec, the early 20th century is usually associated with the onset of European settlement and the use of slash-and-burn techniques to clear forested lands for agriculture (Bergeron et al. 2001; Lefort et al. 2003; Grenier et al. 2005) . As the Waswanipi area was settled later (after 1940) than the neighbouring regions of Abitibi and Lac-Saint-Jean , and given that no agricultural activities took place in this area, the higher fire activity of the early 20th century cannot be explained by settlement and was mainly prompted by climate. Girardin et al. (2006b) suggested this climate effect prevailed over the Boreal Shield. Their reconstructions of annual area burned using treering data suggested that greater fire activity occurred in the first half of the 20th century than after 1950.
It should however be noted that the decades 1980 and 1990 were also marked by a high fire activity in the Waswanipi area. These decades were also reported as being major fire decades in Eastern Abitibi and in Central Quebec (Bergeron et al. 2001) , two locations close to the Waswanipi area. These higher fire decades were also reported in other parts of the Canadian boreal forest (Skinner et al. 1999 (Skinner et al. , 2002 Gillett et al. 2004; Macias Fauria and Johnson 2006) . Moreover, the years 2002 and 2005, two major fire years in the Waswanipi area, are not included in our fire cycle estimates. Also, the fire cycle estimates computed using the survival analyses with the negative exponential model are very sensitive to the distribution of high fire years: although we presented a 283-year fire cycle estimate for the 1940-2000 period, the fire cycle estimate for the 1920-2000 period is ∼173 years (not shown). This suggests that numerical estimates of fire cycle varied greatly depending on the inclusion or the exclusion of the 1920 and 1930 high fire decades. Given the sensitivity of the fire year distribution and the fact that we did not include the recent high fire years in our analyses, our estimates probably overestimate the recent fire cycle. However, the global 1820-2000 mean fire cycle estimates (132 and 143 years) are close to the 153-year mean forest age calculated for the 1720-2000 period using the negative exponential model.
Climate influence on recent fire activity
Our results reported a positive influence of the PDO on the fire activity in the Waswanipi area at least for the 1880-1990 period. Skinner et al. (2006) also reported that warm winter El Niño-PDO events lead to fire-conducive droughts in northern Ontario and Quebec. However, large spatial variability was found and some regions, such as the Great Lakes regions of southern Ontario and central Quebec, are showing an inverse relationship to these Pacific processes. The analyses by Skinner et al. (2006) of the relationship between fire-weather conditions across Canada during the 1953-99 period and the Pacific SSTs could reconcile our results with those of Girardin et al. (2006a) , who suggested a negative influence of PDO on fire-conducive drought conditions over eastern boreal Canada (i.e. cool PDO phase associated with greater fire activity) as our study area is situated north of that of Girardin et al. (2006a) . PDO index. This index displayed a stronger PDO before 1860, whereas the positive 1870 decadal fire departure is related to a high proportion of censored data (suggesting that the fire activity of previous decades was more important than our data showed, see Fig. 2 ). The lag observed between the 1870 decadal fire departure and the higher PDO regime highlights the declining reliability of TSF dendrochronological estimates when going further back in the past. We may assume that the higher PDO regime prevailing before 1860 could also have triggered higher fire activity for periods previous to 1870.
Dendroclimatic analyses by Hofgaard et al. (1999) suggested that the south-north climate gradient of western Quebec between 48 and 50 • N was disrupted around 1875. The authors attributed this disruption to the northern displacement of the influence of dry cold Arctic air masses from 48 • N to higher latitudes. Their findings were recently corroborated by a spatio-temporal analysis of 90 multicentury chronologies distributed across the eastern half of Canada (Girardin et al. 2006a) . Although fire activity in south-western Quebec decreased since ∼1850 with the increasing incursion of humid air masses from the subtropical North Atlantic (Bergeron and Archambault 1993; Hofgaard et al. 1999; Girardin et al. 2006b ), our study area (located north of 49 • N) could still be under the influence of the dry cold arctic air masses. This climate disruption would explain why we did not detect any change in the fire frequency around 1850, conversely to other study areas situated south of ours . Similar dipolar structures have been reported in the USA. Negative PDO phases were found to be associated with periods of high fire activity in Colorado (Sibold and Veblen 2006) , whereas forest fires in Washington tended to occur during positive PDO phases (Hessl et al. 2004 ). The fire-climate relationship is however not linear. Periods of relatively high and low fire activity at the regional scale would instead be controlled by the combination of different climate indices. Brown (2006) , Sibold and Veblen (2006) , Collins et al. (2006) , Trouet et al. (2006) and Kitzberger et al. (2007) reported combination effects of teleconnections that modulate regional fire activity. Our stepwise regression models did identify a combination effect of PDO (positive) and NAO (positive) on the 1880-2000 decadal fire departures in our study area. Macias Fauria and Johnson (2006) also reported that the AO would modulate the interannual variability of the PDO-area burned relationship. Their results suggested that the strong positive AO phase would have contributed to further influence positively the increase in the area burned noted since 1977. As the NAO and the AO are highly correlated (Ambaum et al. 2001) , the agreement of our results with those of Macias Fauria and Johnson (2006) is not surprising. Our results obtained using regional dendrochronological data confirmed the results of Skinner et al. (2006) and Macias Fauria and Johnson (2006) that were obtained using the 1959-99 Large Fire Database (Stocks et al. 2003) .
Correlations and t-tests suggested a positive influence of the PDO on the fire activity in the Waswanipi area without providing any insight on the physical mechanisms underlying such a relationship. Antecedent works linking atmospheric and oceanic circulation indices to fire activity of different parts of North America (Bonsal et al. 1993; Bonsal and Lawford 1999; Skinner et al. 1999 Skinner et al. , 2002 Duffy et al. 2005) suggested that the statistical relation between monthly weather and teleconnections would provide a plausible mechanism underlying large-scale climate influence on fire activity. Further analyses investigating this regional fire-climate relationship at the interannual scale are needed to help us better understand how large-scale climate variability could influence long-term trends in regional fire activity.
Synchronous shifts in regional fire activity and in large-scale climate regimes imply that the fire activity criteria underlying the northern limit of the commercial forest in central Quebec (MRNQ 2000) must be viewed as a dynamic component rather than a static criterion. Moreover decadal-scale climate variability, and regime shifts in particular, can be anticipated (Enfield and Cid-Serrano 2006; Rodó and Rodríguez-Arias 2006) . The anticipation of future climate regime shifts may contribute to the development of adaptation strategies of forest management to future fire regimes driven by climate variability and change.
